Daylight saving time (DST), implemented as an energy saving policy, impacts many other aspects of life; one is road safety. Based on ten-year vehicle crash data in Minnesota, this paper evaluates long-and short-term effects of DST on daily vehicle crashes, as well as daily fatal crashes. Our statistical models not only include weather conditions and days of week as independent variables, but also consider traffic volume count on road. Our findings show that DST, in the long run, is associated with fewer daily crashes than standard time (ST). Yet, DST is found to be associated with higher odds of having more fatal crashes than ST. In addition, our data rejects the hypothesis that the first Sunday or Monday of time change in spring is associated with more fatigue-related crashes than Sundays before time change; nor do we find that the first Sunday or Monday of time change in fall is associated with more alcohol-related crashes than Sundays before time change. Of all weather conditions, snow is found to have the most significant effect on vehicle crashes; however, its impact on fatal crashes is nevertheless not statistically different from clear weather. Furthermore, Friday is associated with the most daily crashes, whereas Sunday and Saturday are associated with higher odds of more fatal crashes than weekdays.
Introduction
Daylight saving time (DST) in the United States dates to World War I as an energy saving measure, and in its current incarnation was officially enacted by Congress in 1974. DST aims to match activities with hours of daylight by adjusting the standard time (ST) forward or backward one hour at different times of year. This keeps sunset and sunrise one hour later in spring, summer, and early fall, so that people have one more evening hour of daylight (and therefore one less morning hour of daylight) in DST (Coate and Markowitz, 2003) . Besides its claimed feature of energy conservation, DST may impact many other aspects of daily life, one of which is road safety. Therefore, quantitatively examining the effects of DST on road safety is of interest.
The relationship between daylight saving and road injuries or fatalities has been a topic of extensive research. Sood and Ghosh (2007) indicated that there were generally two schools in studying the effects of DST on road safety, which respectively concentrated on long-term effects and short-term effects. Here short-term effects indicate the impact of DST on vehicle crashes in a few days or weeks after the time change; long-term effects refer to its impact from the perspective of a longer time period, say, year round.
One school claimed that DST in the long run decreased vehicle crashes due to better visibility in the evenings, reducing the likelihood of crashing in darkness. Table 1 summarizes some typical previous research. These studies adopted the logic that if driving in darkness contributed to more traffic crashes, DST might lead to fewer crashes.
The other school argued that the changes to and from DST could result in more vehicle crashes in the short run. Table 2 reviews some representative research of this topic, where many research reported an increase of crashes/fatal crashes after time change in spring. The main hypothesis was that time change in spring deprived people of one-hour sleep, which, in the short run, might induce drivers' sleepiness or fatigue while driving. Traditional research has focused on performing controlled experiments to examine the relationship between hours of sleep and drivers' response time and vigilance. Their main conclusion was that one-hour less sleep could boost the rise of traffic crashes. However, there might be a discrepancy between drivers' behaviors in experiment and reality. Empirical examination of this question is also needed. As can be seen in Table 2 , some other studies found an increase of fatal vehicle crashes right after the time change in fall, and attributed it to drivers' alcohol-drinking or late-night driving out of one extra hour in the evening. Yet, a lack of information about causes of vehicle crashes makes it difficult to investigate such an association. Furthermore, a large proportion of such research was based on highway fatal vehicle crash data, which came from the Fatality Analysis Reporting System (FARS) database 1 . The effects of DST on other kinds of crashes have not been sufficiently studied.
Additionally, some research argued that time change did not have a statistically significant impact on vehicle crashes. For example, Lambe and Cummings (2000) , based on the Swedish vehicle crash data from 1984 to 1995, concluded that the shifts to and from DST had no effect on vehicle crashes. Vincent (1998) also drew a similar conclusion with vehicle crash data in Canada.
This research studies both long-and short-term effects of DST on daily crashes, as well as longterm effects on daily fatal crashes. We also examine hypotheses about the causes for more crashes after the time change in spring and fall. The main contributions of this research are as follows. First, we quantitatively examine the effects of time change on fatigue-related crashes in spring and alcohol-related crashes in late fall, which have not been systematically tackled before. Second, it should be noted that time change in spring and in fall may impact the distribution of traffic volumes in different time periods of a day. Traffic volume on road can be seen as an exogenous factor contributing to crashes and an indicator of the opportunity for crashes. Therefore, to further analyze the impact of DST, we include daily road traffic volume count as an independent variable. Third, in contrast with previous studies, this research employs ordered/ordinal logistic models to analyze fatal crashes. Fourth, while previous research is mainly based on fatal crash data, we study both fatal and non-fatal crashes on all roads.
The rest of the paper is organized as follows. Section 2 introduces data used in this research. Section 3 compares crashes in different weeks crossing the time change period both in spring and in fall. In Section 4, statistical models are constructed which are designed to assess long-term effects on general crashes and fatal crashes. Section 5 studies short-term effects of DST on daily crashes. Section 6 concludes the paper.
Data
Two data sets are used in this research: the crash data set and the traffic volume data set. The crash data set is the state-wide vehicle-related crash data of Minnesota between 1988 and 2007, which was collected by the Minnesota Office of Traffic Safety. This data set includes crashes on both highways and local roads. Each original crash record encompasses a complete list of variables, such as date, time, location, severity, and contributing factors. Dependent variables and some major independent variables are extracted from this data set. Two dependent variables are of interest. One is general crashes, i.e. crashes of all kinds of severity; the other is fatal crashes. Fatal crashes account for 0.59% of all crashes. The traffic volume data set documents hourly traffic volume on state-wide highways over ten years, which was automatically counted by Automatic Traffic Recorder Stations (ATR) equipped on highways of Minnesota. There are totally 146 ATRs in the data set. State-wide daily average traffic volume is calculated by averaging all ATRs' daily traffic counts.
Exploratory analyses
As the first step of exploratory analyses, we study weekly vehicle crashes over seven weeks before, during, and after the time change week in spring and fall. As depicted in Figure 1 , there is a decrease of total crashes in the first week of DST in spring, compared with one week before. Moreover, the average weekly crashes of seven weeks after the time change are about 14,649, fewer than those of eight weeks before the time change, 15,725. Figure 1 also shows that in the time change period of fall, the first week of ST witnesses about 3% more crashes than the last week of DST. Weekly crashes also exhibit an increasing trend since the first week of ST; in fact, the average weekly crashes in the first eight weeks of ST in fall are about 21% more than the average weekly crashes of the last eight weeks of DST. The seventh week of ST, largely around Christmas time, particularly suffers from a very sharp upswing of total crashes.
Since time changes happen on a Sunday morning, to study the effects of DST on the first day of time change, we compare Sunday crashes of 17 weeks. As can be seen in Figure 2 , crashes on the first day of time change both in fall and spring are local maxima. In both cases, average daily crashes of Sunday in the last eight weeks of DST are lower than those in the first eight weeks of ST. Additionally, Figure 3 shows Monday crashes of different weeks. Neither Monday of the first week of DST nor Monday of the first week of ST suffers significantly more crashes than their adjacent weeks. Similar to the case of Sunday, average daily crashes of Monday of DST are also fewer than those of ST, based on crash data for 17 weeks.
Fatal crashes are also investigated. Figure 4 displays weekly fatal crashes of 17 weeks in spring and in fall. As can be seen, in terms of fatal crashes, the time change week in spring is a local maximum, but the time change week in fall is not. The average weekly fatal crashes of the last 8 weeks of ST are about 75, and the average weekly fatal crashes of the first 8 weeks of DST are about 96. The average weekly fatal crashes of the last 8 weeks of DST are about 106, while the average weekly fatal crashes of the first 8 weeks ST are slightly higher, about 109. Figure 5 and Figure 6 respectively display fatal crashes on Sunday and Monday of different weeks. As can be noted in Figure 5 , the first Sunday of DST in spring has more fatal cashes than that of adjacent weeks. Yet the first Sunday of ST in fall is not the case. Figure 6 further reveals that neither the first Monday of DST in spring nor the first Monday of ST in fall appears to be associated with more crashes than its adjacent Mondays.
Based on above analyses, DST seems to be associated with fewer crashes than ST. A positive relationship between crashes and the first day of time change, as speculated by some previous research, is hard to decide. Moreover, it is difficult to directly perceive the effect of DST on fatal crashes without controlling for other variables. Further statistical analysis is required.
Long-term Effects

Model for crashes
Traditional models studying the effects of daylight saving time on vehicle crashes-while endeavoring to find exogenous factors that can impact crashes-frequently neglected the effects of different daily traffic volumes due to time change. A change of traffic volume in a day may also partially account for the change of daily crashes. This research inspects the effects of DST on crashes after traffic volume on road is also controlled for. Therefore, daily traffic volume is included as a dependent variable, which is the sum of total traffic count in a day. A generalized linear model (GLM) function to study long-term effects of DST is as follows:
where: µ i : crashes on day i. dst i : equals 1 if day i is in DST; equals 0 if in ST. sun, ... ,sat: day-of-week dummy variables (base case: Monday). rain, ... windy: weather condition dummy variables (base case: clear weather). v i : average traffic on network on day i.
To control for daily traffic volume, the most ideal case would be to have average daily or hourly traffic volumes of the roads where crashes occurred, yet this data is not available statewide. Since we are only able to access Automatic Traffic Recorder (ATR) traffic data on state-highways, we calculate daily traffic volume by averaging daily traffic volumes of ATR stations in Minnesota. It is used as an index representing overall traffic volume; the trend of variations of daily traffic volume of all roads statewide is expected to be similar to links with ATR stations.
Additionally, to investigate the effects of DST on crashes of different periods of a day, daily crashes at night (9:00 pm to 3:00 am) and in daytime (4:00 am to 7:00 pm) are also respectively assessed.
In terms of regression methods, Poisson and negative binomial models have been widely adopted for count data. Some research has argued that negative binomial models are more suitable for many crash data because of over-dispersion (Long, 1997) . Our model-fit tests uncover that for all abovementioned models, the Pearson Chi-square value of Poisson model is larger than the critical value of 5%, which enables us to reject the hypothesis of Poisson model fits the crash data. Conversely, the negative binomial model is found to fit our models well.
This research also investigates the long-term effects of DST on fatal crashes; this model is introduced in the next section.
Model for fatal crashes
Previous studies on daily fatal crashes, such as those summarized in Table 1 and Table 2 , mainly focused on the days when fatal crashes happened; however, there are many days of a year without fatal crashes. It is incomplete to neglect the days of zero fatal crashes, if we aim to learn the overall effects of DST on fatal crashes. This research thereby considers all days in the data set.
Basic statistical analysis on fatal crashes in the data shows that daily fatal crashes range from 0 to 8. The distribution frequency (by days) of fatal crashes over 10 years is depicted in Figure  7 . As can be seen, of all daily fatal crash counts, one fatal crash a day is the most common scenario, followed by the case of zero fatal crash a day and two fatal crashes a day. According to Train (1986) , a qualitative choice situation must meet the following criteria: (1) the number of alternatives in the set is finite; (2) the alternatives are mutually exclusive; (3) the set of alternative is exhaustive. The model of fatal crashes fits the criteria well. For the brevity of expression, daily fatal crashes, ξ i , are grouped into four categories by value: ξ i = 0, 1 ≤ ξ i ≤ 2, 3 ≤ ξ i ≤ 4, and ξ i ≥ 5. The four groups are respectively named as zero fatal crash, low fatal crashes, median fatal crashes, and high fatal crashes. The distribution of four categories of fatal crashes is displayed in Figure 8 .
Ordered and multinomial logistic models have been widely used to study qualitative choice situations (Long, 1997; Agresti, 2002) . Ordinal Logistic Model (OLM) assumes that the level of the response variable have a natural ordering (say, low to high), yet the distances between the categories are unknown. OLM, which relies on the Proportional Odds Assumption (POA), is a generalization of binary responses and estimates one equations over all levels of the dependent variable. Multinomial Logistic Model (MLM) presumes that the levels of the response variables do not have natural ordering. MLM models the odds of each category relative to a base categories as a function of covariates; multinomial responses at different covariate combinations are independent.
MLM is often used in cases with properties of IIA or lack of a closed-form likelihood (Ben-Akiva and Lerman, 1985; Greene, 1997) .
Since the categories of fatal crashes in our model can be ordered, OLM is firstly examined. Score statistics is employed to examine whether POA is held. Our model-fit test finds that Pr > Chi 2 equals 0.344, meaning that we fail to reject the null hypothesis. Therefore, POA is held. Orderd logistic model is believed an appropriate tool to examine fatal crash data. The results of models studying long-term effects of DST are shown in Table 4 and 5. Table 3 displays basic statistics of dependent variables and independent variables used in this research. Maximum likelihood methods are used to estimate parameters. Parameter estimates of long-term effects on daily crashes are shown in Table 4 . To better understand the effect of traffic volume on daily crashes, we compare the results of the models with and without traffic volumes. In Model 1, which uses daily crashes as the dependent variable, the coefficient of DST equals -0.088, indicating that as one goes from ST to DST, expected daily crashes would be expected to decrease by approximately 8.8%, while holding other variables in this model constant.
Results
In Model 2 which includes log-traffic, the coefficient of DST equals -0.101. This denotes that when traffic volume is also controlled for, expected daily crashes in DST is about 10.1% lower than ST. This result suggests that DST, ceteris paribus, tends to be associated with fewer daily crashes than ST. The coefficient of log-traffic is 0.127, meaning that 1% increase of daily traffic volume, all else equal, is associated with about 0.127% more crashes. This makes sense in that more vehicles on road tend to render a higher probability of crashes. Saturday and Sunday are both associated with fewer daily crashes than Monday; other weekdays suffer from more crashes than Monday, all else equal. Of all days in a week, Friday tends to be associated the most crashes. Furthermore, comparing snow with clear weather,daily crashes is expected to grow 41.7%, which is the highest impact of all weather conditions. Table 4 also reports parameter estimates of daily fatal crashes, as well as proportional odds ratios which are obtained by exponentiating the estimates. The difference between Model 3 and Model 4 is that Model 4 includes log-traffic as an independent variable, while Model 3 does not. As can be seen, the parameters estimates of Model 3 and Model 4 are very similar. Both models reveal that in contrast with the effect of DST on general crashes, DST is associated with more fatal crashes than ST, all else equal.
In model 4 where traffic is controlled for, the odds ratio of DST equals 1.302, which means that as one goes from ST to DST, all else equal, the odds of high fatal crashes is 1.302 times as likely as the combined effect of median, low and zero crashes. Likewise, changing from ST to DST, the odds of high, median and low fatal crashes is 1.302 times as likely as zero fatal crashes, given other variables are held constant. The parameter estimate of log-traffic is 0.326; for one percentage increase of traffic volume, ceteris paribus, the odds of high, median and low fatal crashes is about 0.326% higher than zero fatal crashes.
In addition, it is interesting to note that while Saturday and Sunday are found to be associated with fewer general crashes, they are associated with higher odds of more daily fatal crashes. The coefficients of Tuesday through Thursday are not statistically significant, meaning that the odds of having more fatal crashes for Tuesday to Thursdays is basically no different from Monday. The coefficient of snow is no longer statistically significant for fatal crashes.
The parameter estimate of cloudy is less than 0, showing that the cloudy weather tends to be associated with lower odds of more crashes than clear weather (perhaps due a reduction in sun glare, though testing below suggests that cloudiness increases crashes at night significantly, and reduces it daytime insignificantly (with presumably its main effects in the sunrise and twilight periods, though this is not tested directly because of varying times of day for these with the seasons)).
Overall, this research discloses that in the long-run, DST is associated with fewer daily crashes than ST, yet is related to more fatal crashes, given all other variables are held fixed. Model 4, which controls for traffic volume, reveals that there are other reasons-apart from the change of traffic volumes on road-which cause such effects.
To further assess crashes in different time periods of a day, we also analyze the impact of DST on crashes at night and in daytime; Table 5 shows the results. As can be seen, the coefficient of DST for crashes at night (9: 00 pm to 3:00 am) is -0.083, and for crashes in daytime (4:00 am to 7: 00 pm) is -0.104. This indicates that DST tends to be associated with fewer crashes than ST both in daytime and at night than ST. Interestingly, the coefficient of Sunday, which is positive in Model 5, becomes negative in Model 6. The reason why Sunday has fewer crashes may be due to fewer vehicles on road than Monday. The correlation test confirms this hypothesisthe correlation between log-traffic and Sunday equals -0.34 and is statistically significant at the 1% level. The same situation applies to Saturday, where the correlation between log-traffic and Saturday equals -0.17. This is probably why the coefficient of Saturday also turns from positive in Model 5 to negative in Model 6. In addition, snow is associated with the most daily crashes of all weather conditions. From Model 5 to Model 6, while the coefficient of cloudy becomes statistically insignificant for crashes in daytime, the coefficient of windy becomes statistically significant for crashes in daytime.
5 Short-term effects 5.1 Model Varughese and Allen (2001) and Hicks et al. (1998) hypothesized that deprivation of one-hour sleep due to time change in spring might be associated with more crashes of sleepy or inattentive drivers. Here we are able to examine the hypotheses thanks to the advantage of our data sets, where each crash record encompasses an analysis of contributing factors, say, inattentiveness, falling asleep, taking alcohol. If sleepiness is one side-effect of the time change in spring, as argued by some prior research, these two factors may contribute to the occurrence of crashes. The dependent variable is daily crashes involved with sleeping or inattentive drivers; we address them fatigue-related crashes for short. Likewise, we also test the hypothesis that one more hour in darkness after time change in fall is associated with more alcohol consumption and late-night driving. The dependent variable is daily crashes involved with drunk drivers, which are named as alcohol-related crashes.
Since the time changes to/from DST happen on a Sunday morning, to study short-term effects of DST in spring, we assess crash data of Sundays of 17 weeks crossing the time change week in spring. This study also looks at Monday crashes of 17 weeks in that Monday is the first working day. The 17 weeks consist of eight weeks before the time change, one week of time change, and eight weeks after the time change. The model of Sunday crashes of 17 weeks in spring is as follows:
log(θ i ) = ψ 0 + α 0 dstw i + α 1 a f terdstw i + γ 0 rain + γ 1 snow + γ 2 cloudy + γ 3 windy + η 0 log(v i ) where: Through similar formulas, we also look at crashes on Mondays crossing the time change period in spring and fall. The results of short-term effects of time change are illustrated in Table 6 .
To examine short-term effects of DST, we study fatigue-related crashes on Sunday and Monday of 17 weeks crossing the time change period in spring, as well as alcohol-related crashes on Sunday and on Monday of 17 weeks crossing the time change period in fall. These models are numbered from Model 7 to Model 10.
As shown in Table 6 , the coefficients of dstw in Model 7 and Model 8 are both below zero and not statistically significant at the 10% level. Therefore, our analysis does not support the hypothesis that the first Sunday or Monday of time change in spring is associated with more crashes involved with sleeping or inattentive drivers. It is therefore unwarranted to claim that time change in spring is associated with more fatigue-related crashes on the first Sunday or Monday of DST. Additionally, of all weather conditions, only snow is statistically significant; its positive coefficient shows that snowing has the most significant impact on fatigue-related crashes.
Similarly, Models 9 and 10 respectively study alcohol-related crashes on Sunday and on Monday in 17 weeks crossing time change in fall. The model examines whether there is a positive correlation between time change in fall (from DST to ST) and crashes of drunk drivers. In both models, the coefficients of firstSTw are also statistically insignificant, meaning that the log of daily crashes during the first week of ST is no different from that in DST. In general, we conclude that the first Sunday or Monday of ST in fall, ceteris paribus, is not associated with more alcohol-related crashes than Sundays in DST. Therefore this research is inclined to reject the hypothesis that extra social hours and people's alcohol-consumption behavior in ST than DST, if existing, would lead to higher daily crashes.
Except for Model 8, the coefficients of log-traffic are positive and statistically for the rest three models in Table 6 , especially for Model 9 and 10. Additionally, with respect to the impact of weather conditions, while snow is associated with more fatigue-related crashes on Sunday and Monday than clear weather, its effect is not statistically significant for alcohol-related crashes on Sunday and Monday in fall. This is probably because snowing is typical in Minnesota in late fall and winter, and drivers in this season adapt to it; however, snowing is less common in spring and rare (though not unknown in parts of Minnesota) in early summer, which, once happens, may have a great impact on daily crashes. The converse rule can be found for the coefficient of rain.
Conclusions
This paper further explores long-term and short-term effects of DST on vehicle crashes. First, based on statewide vehicle crash data in the State of Minnesota from 1998 to 2007, we compare weekly crashes in 15 weeks crossing the time change in spring and in fall. Second, statistical models are further developed to study the long-term effects effects of DST on total crashes, as well as short-term effects of time change on fatigue-related crashes in spring and alcohol-related crashes in fall. Third, ordered logit models are built to examine the long-term effects of DST on fatal crashes. Our findings indicate that DST is associated with fewer average daily crashes than ST. Yet our studies of fatal crashes reveal that DST is associated with higher odds of more fatal crashes. This effect is still statistically significant when traffic volume is controlled for.
Additionally, our research rejects the hypothesis that the first day of time change in spring is associated with more fatigue-related crashes, as well as the hypothesis that the first day of time change in fall is associated with more alcohol-related crashes. Snow is found to be associated with most daily crashes of all weather conditions, yet its impact on fatal crashes is not statistically different from clear weather. All else equal, Friday is associated with the most daily crashes of all days in a week, and Saturday and Sunday are associated with higher odds of more daily fatal crashes than weekdays. Crashes on Sundays in fall rised significantly after shifting from DST to ST, which may be highly associated with drivers' alcohol consumption. w e e k b e f o r e 6 t h w e e k b e f o r e 5 t h w e e k b e f o r e 4 t h w e e k b e f o r e 3 r d w e e k b e f o r e 2 n d w e e k b e f o r e 1 s t w e e k b e f o r e 6 m e c h a n g e w e e k 1 s t w e e k a ; e r 2 n d w e e k a ; e r 3 r d w e e k a ; e r 4 t h w e e k a ; e r 5 t h w e e k a ; e r 6 t h w e e k a ; e r 7 t h w e e k a ; e r Weekly crashes in spring
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